We generate stable carrier-envelop-phase thermal-infrared pulses by phase-lock two generating near-infrared pulses in a difference frequency mixing setup. Our newly developed phase-matched electro-optic sampling system completely (amplitude and phase) characterizes the mid-infrared transients.
Introduction
Explicit access to the full electric field (amplitude and phase) of thermal infrared (IR) transients is important for probing physical and chemical processes. Here, we describe our novel mid-IR time domain spectroscopy (TDS) system based on a triple-output near-infrared ultrafast fiber laser, phase-locked difference frequency generation (DFG) and phase-matched electro-optic sampling (EOS) that can be used to obtain the full complex electric field of tunable IR pulses. We use GaSe nonlinear crystals in both DFG and EOS configurations due to their large nonlinear coefficient and infrared transparency [1] . The system is schematically shown in Fig. 1 . We use a three output, parametrically amplified, ultrafast fiber laser system seeded by a single ultrashort Er:fiber laser to generate and electro-optically sample IR transients in the time domain. Thermal IR pulses are generated by difference frequency mixing of two pulse trains in a GaSe crystal. In contrast to broadband THz generation from optical rectification of ultrashort pulses, DFG is more efficient due to the use of the entire spectra of the pulses, rather than frequency mixing within the spectral bandwidth of an ultrashort pulse (usually only using the spectral wings). Due to the nature of DFG, an unstable carrier to envelope phase (CEP) can occur when the optical path difference between the two generating pulses drifts. To overcome this instability, we phase-lock the CEP of the IR pulse by using near-IR light reflected off the generation GaSe with a piezo controlled delay feedback loop. By monitoring a spectral fringe pattern arising from interference between residual 1550 nm fundamental light in the two mixing beams, we are able to lock the CEP of the resultant IR pulse for more than 10 hours.
Experimental setup and Results
978-1-55752-973-2/13/$31.00 ©2013 Optical Society of America 15 fs gate pulses (1050 nm) facilitate direct monitoring of the transients in the time domain. Detection of the IR waveform is performed by a sum frequency process in a generation GaSe crystal. Extraordinarily polarized IR light mixes with ordinarily polarized light from the gate pulse. The resulting amplitude of the higher frequency light is proportional to the IR field strength and leads to a modification of the polarization state on the probe pulse [2] . In contrast to standard EOS, phase matched EOS exploits tuning in detection by adjusting the phase matching angle to increase sensitivity.
The center wavelength of IR pulses is tunable between 8-11 μm and is achieved by varying the GaSe phase matching (PM) angle in the DFG setup. Spectra of IR pulses directly detected by a spectrometer or by taking Fourier transform of the detected IR transient agree well (Fig. 2a) . We also calculated the phases of IR transients (Fig. 2b) from the measured data. Fig. 3 . EOS signal obtained at different PM angles of the GaSe crystal in EOS setup when we use (a) two identical 500 μm thickness GaSe crystal for DFG and EOS; (b) a 500 μm thickness GaSe crystal for DFG and a 250 μm thickness GaSe crystal for EOS; (c) a 250 μm thickness GaSe crystal for DFG and a 500 μm thickness GaSe crystal for EOS, Next, we fully studied the dependence of the amplitude and shape of the detected IR waveforms on the thickness of GaSe crystals used in DFG and EOS (Fig. 3) . We varied the PM angles of the EOS crystal while fixing the DFG crystal which emits IR pulses centered at ~9.6 μm. Fig. 3 shows IR electric field traces when different thicknesses of GaSe crystals are employed. We observed symmetric IR electric field envelopes when the DFG GaSe is thicker than or the same as the EOS GaSe (46 and 48 degrees in Fig. 3a&b ). In these both cases, IR pulses were generated by the same 500 μm GaSe crystal. More symmetric traces obtained by the 250 μm EOS GaSe (Fig. 3b) than 500 μm EOS GaSe (Fig. 3a) at smaller PM angles (44 degrees) is caused by a higher PM tolerance in a thinner crystal. Even at 42 degree PM angle (Fig. 3b) , we measured a relatively symmetric trace using this thin EOS GaSe. Moreover, a thicker detection GaSe crystal doesn't improve the amplitude of the detected IR signal because of the large wavelength difference induced group velocity mismatch between IR and gate pulses in GaSe. The interaction length between IR and gate pulses is shorter than crystals' thickness.
We were not able to obtain symmetric or single envelope IR waveform when the DFG GaSe crystal is thinner than the EOS GaSe crystal (for all PM angles) (Fig. 3c) . This is caused by a combined effect of generating a broader IR spectrum by using a thinner DFG GaSe and smaller PM angle acceptance when using thicker EOS GaSe. The IR electric field is also weaker because of lower IR power generated in a thinner DFG GaSe.
In conclusion, we completely characterized tunable thermal IR short pulses using a phase-locked, phase-matched EOS technique. EOS signals are compared when different thicknesses of GaSe crystals are used in DFG and EOS.
